Novel bimetallic Au/Ag superstructures have been prepared from solid-state pyrolysis of the macromolecular complexes Chitosan(MLn/M'Ln) n y PSP-4-PVP×( MLn/M'Ln)n with MLn = AuCl 3 and M'Ln = Ag(CF 3 SO 3 ).The characterization was made from XRD (X-ray diffraction of powder), SEM and EDS analysis. Morphologies are influenced by both the nature of the polymer and the metal/polymer, molar ratio of the polymer precursor. EDS analysis suggests a core/shell Au/Ag structure for the materials. A probable mechanism of the formation of these superstructures is discussed. Although separated reports of metallic superstructures of Au or Ag have been recently described, the here reported are the first bimetallic Au/Ag.
INTRODUCTION
Noble metal structures usually can be obtained in both as bulk and/ or nanostructured materials [1] [2] [3] . However a third form, called 3D supracrystals or superlattices have recently emerged [4] [5] [6] . These can be obtained by destabilization of the Au solution nanoparticles, usually by elimination of the solvent. These materials have interesting collective intrinsic properties. The few reported preparation methods for this type of materials have been developed in solution and not solid-state approximation has been done. Thus, among the few reports on this type of materials no bimetallic Au/Ag superstructures have been reported, only Au or Ag superlattices [4] [5] [6] . Here we report a solid-state method to prepare Au/Ag superstructures from pyrolysis of the macromolecular precursors Chitosan(MLn/M'Ln) n y PSP-4-PVP×( MLn/M'Ln)n with MLn=AuCl 3 and M'Ln= AgCF 3 SO 3 , PSP-4-PVP = poly[styrene-block-(4-vinylpyridine)].
We have previously reported a solid-sate method to prepare metallic and/ or metal oxides nanostructured materials (see Figure 1 ). Solid-state pyrolysis of organometallic derivatives of cyclic and/or polyphosphazenes at 800 °C affords metallic nanostructures of the type M°, M x O y and M x P y O z 7-21 . However, due to the presence of phosphorus in the polymeric chain, the nanostructured materials usually involve phosphates and/or pyrophosphates metallic phases 16 . When the cyclic and/or polyphosphazenes have coordinated two organometallic fragments as CpFe(dppe) + and TlPF 6 , the bimetallic core/ shell Fe 2 Fe 5 (P 2 O 7 ) 4 /Tl 3 P 3 O 9 nanoparticles are obtained 21 after pyrolysis. Therefore, if we want to obtain pure bimetallic nanoparticles, a polymer not containing phosphorus within the polymeric chain could be desirable. It is expected that phosphorus-less organic polymers have the potential to be good solid-state templates of metallic and organometallic-macromolecular complexes during their pyrolysis. We have selected Chitosan and PSP-4-PVP due to their ability to coordinate ion metals through the nitrogen atoms to form macromolecular metal-polymer complexes precursors [22] [23] [24] [25] [26] [27] [28] [29] .
EXPERIMENTAL
AuCl 3 and Ag(CF 3 SO 3 ), PSP-co-4-PVP and Chitosan were purchase from Aldrich and used as received. All the reactions were performed in CH 2 Cl 2 as solvent and reaction time was one week.
Precursors Synthesis
General Procedure Chitosan(MLn/M'Ln)n In a typical synthesis, the respective metallic salts, AuCl 3 and Ag(CF 3 SO 3 ) were added in a Schlenk tube over the CH 2 Cl 2 solvent under magnetic stirring and then the respective Chitosan amount according the 1:1, 1:5 or molar ratio. Reaction time and other details for each metallic salts reaction are given in Table 1 . After this the supernatant solution (if the solid decanted) was extracted with a syringe and the solid dried under reduced pressure to give a yellow-red solid (Table 1 ). Owing to their insolubility characterization of the precursors was made only by elemental analysis and IR spectroscopy. Coordination was confirmed by the behavior of the broad ν(OH) in Chitosan 20 which becomes unfolded upon coordination, and exhibiting a new band around 3100 cm -1 . PSPco-4-PVP coordination was evidenced by the appearance of a characteristic band in the range 1600-1650 cm -1 corresponding to coordinate pyridine 10, 20 . Figure 1 Schematic representation of the solid-state method to obtain nanostructured materials from oligomeric and polymeric precursors.
General Procedure PSP-4-PVP/( MLn/M'Ln)n
In a typical synthesis the respective metallic salt AuCl 3 and Ag(CF 3 SO 3 ) were added in a Schlenk tube over the CH 2 Cl 2 solvent under magnetic stirring and then the respective Poly(styrene-co-4-vinylpyridine) amount according to the 1:1 or 1:5 molar ratio. After approximate 6 days the supernatant solution (provided the solid decanted) was extracted with a syringe and the solid dried under reduced pressure to give a solid with diverse colors. In some cases the polymer undergoes an extensive gel formation. In such case the solvent was eliminated at reduced pressure using a high vacuum pump and/or using a furnace with vacuum. PSP-co-4-PVP coordination was evidenced by the appearance of a characteristic band in the range 1600-1650 cm-1 corresponding to coordinate pyridine 10, 20 . Elemental analyses (%) : 
Pyrolysis
The pyrolysis experiments were conducted by pouring a weighed portion (0.05-0.15 g) of the respective precursor into aluminum oxide boats that were placed in a furnace (Labtech LEF-10 oven) under a flow of air, heating from 25 °C to upper temperature limits of 300 °C, and then to 800 °C, followed by annealing for 2-4 h and at rates of 10 °C min -1 in each case.
Characterization of the pyrolytic products
Solid pyrolytic samples were characterized by X-Ray diffraction of powders (XRD) and scanning electron microscopy (SEM). SEM images were acquired with a JSM-6380LV, Jeol Ltda. microscope, with an acceleration potential of 20 keV. Energy dispersive X-ray analysis (EDAX) was performed on a NORAN Instrument micro-probe attached to a JEOL 5410 scanning electron microscope. X-ray diffraction (XRD) was conducted at room temperature on a Siemens D-5000 diffractometer with θ-2θ geometry. The XRD data was collected using Cu-Kα radiation (40 kV, 30 mA Figure 2 shows the XRD patters diffraction of the pyrolytic products from the precursors Chitosan(AuCl 3 /Ag(CF 3 SO 3 )) n and PSP-4-PVP×(AuCl 3 / Ag(CF 3 SO 3 ) n ) n precursors with molar ratios 1:1. The lattices constants for Au and Ag are very similar so their XRD are totally overlapped preventing discrimination of Au-Ag bimetallic phase from either monometallic phase based on the XRD patterns [30] [31] [32] . Therefore the presence of core/shell or alloys Au/ Ag structures can be distinguished by TEM imaging 33, 34 or by Uv-visible spectroscopy [35] [36] [37] . The presence of Au and Ag can be confirmed by EDS analyses 32 . In our case the characterization using these two techniques is not possible because the pyrolytic products are very hard solid materials and they cannot be ground or cut into thin films for to be mounted on the grid of the TEM apparatus or be mounted as a power in the UV-visible reflectance diffuse holder. However by SEM-EDS analysis 32 a possible structure of Au/Ag bimetallic materials can be proposed. Figure 3 shows the SEM image of the pyrolytic products from all precursors. As can be viewed from Figure 3 the morphology of the product depends on both the nature of the polymer (ie compare Figure 3a with 3b and 3c with 3d) and on the ratio formation of the precursor (ie compare Figure 3a with 3c and 3b with 3d). For a constant molar ratio metal/polymer ie. 1:1 the PSP-4-PVP induces most porous materials than Chitosan. On the other hand for a constant polymer (PSP-4-PVP or Chitosan), the 1:1 metal/polymer ratio induces a most dense material than with a 1:5 ratio.
RESULTS AND DISCUSSION
This can be due to the most near linked Au and Ag centers in the polymeric chain in the 1:1 ratio of the both polymeric precursors. However these conclusions could be valid, although the Figure 3d was taken in a greater magnification.
The presence of gold and silver in the pyrolytic materials was confirmed by EDS analysis. As shown in Figure 4a ,b for the pyrolytic products from 1:1 PSP-4-PVP×(AuCl 3 / Ag(CF 3 SO 3 ) n )n and 1:1 Chitosan(AuCl 3 / Ag(CF 3 SO 3 )) n precursors , the presence of gold and silver is evident. For the other pyrolytic product similar SEM/EDS images were observed. The nature of the Au/Ag bimetallic materials become clear by observing the quantitative ESD analysis where an approximate content Au/ Ag of 2:1 characteristic of core/shell 38, 39 was observed see Figure 5 . A possible representation of these are given in Figure 6 . A linear EDS scanning for a line through a zone of the pyrolytic product from 1:1 PSP-4-PVP•(AuCl 3 /Ag(CF 3 SO 3 ) n ) n precursor is shown in Figure 5 . It can be observed a double content of the Au in relation to the Ag content which could be indicative of a core/shell structure 38 , see Figure 6 . The junction of these core/shell nanoparticles in a 3D manner would give rise to the observed "superstructures" by SEM.
Monolithic nanoporous gold structures are interesting materials with unusual application and peculiar properties such as mechanical strength and stiffness 40, 41 . Recently it was reported that Au disks of nanoporous morphology exhibit a 10 8 factor surface enhanced Raman scattering 42 . The Au/Ag bimetallic materials reported here could then have some SERS (Surface-enhanced Raman scattering) activity which could be enhanced in relation to Au and Ag individual due to some cooperative bimetallic effect. 
Probable mechanism formation
The most likely mechanism for the formation of the Au/Ag superstructures may be similar to mechanisms that have been previously established as general for the solid-state pyrolysis of metallic and organometallic derivatives cyclicoligomer-phosphazene and polyphosphazense [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Figure 7 shows a schematic representation of the probable formation mechanism of the pyrolytic product. Figure 7 . schematic representation of the probable formation mechanism of the pyrolytic products.
The first step involves the cross-linking 13 of the polymer induced by the coordination by the PSP-co-4-PVP or Chitosan polymer chains to the metal centers during the initial annealing step, followed by the carbonization of the organic matter to produce holes were the metal centers begin to coarsen and grow 43 . Carbonization of the organic matter usually occurs during pyrolysis of metallic and organometallic derivatives of polymers around 350 °C 43 . Some incomplete combustion always produces some CO 44 which reduces the metallic Au(I) and Ag(I) salts to Au and Ag which bind together. Subsequently join of these core/shell nanoparticles produce the 3D "superstructures".
Also in the combustion process a sudden loss of nitrogen -arises from the pyridine groups of PSP-co-4-PVP or NH 2 Chitosan-induces foamy materials 44 .
CONCLUSIONS
The first solid-state method to prepare Au/Ag superstructures is reported. Chitosan(MLn/M'Ln) n and PSP-4-PVP×( MLn/M'Ln)n with MLn = AuCl 3 and M'Ln = Ag(CF 3 SO 3 ) are convenient precursors to superlattices Au/Ag materials. The morphology of the "foams like" products depends both on the nature of the polymer as well as to the molar ratio polymer/metallic salt. The polymer PSP-4-PVP and the ratio 1.1 induce the most porous morphologies. The probable mechanism involves the formation of a cross-linking matrix with subsequent combustion of the organic matter where the bimetallic foams grow.
